The soil bacterium Pseudomonas C 12B, which degrades alkyl sulphate detergents, produces two primary and three secondary alkylsulphohydrolases and can utilize primary alcohols as a source of carbon and energy (Dodgson et al., 1974; Payne, 1963) . The bacterium exhibits NAD-dependent alcohol dehydrogenase activity towards primary and secondary alcohols (Williams et al., 1966) and it seems probable, from studies with sodium dodecyl sulphate and dodecanol, that the micro-organism degrades primary alkyl sulphates via hydrolysis of the ester bond and oxidation of the liberated primary alcohol by an alcohol dehydrogenase (Williams & Payne, 1964) . Other work on a different Pseudomonas species has shown that secondary alkyl sulphates can be completely oxidized to CO2, H20 and sulphate. Enzymic desulphation apparently precedes the initial oxidation of the liberated secondary alcohol to the corresponding ketone (Lijmbach & Brinkhuis, 1973) . Comamonas terrigena, a co-isolate of Pseudomonas C 12B, can also degrade some secondary alkyl sulphates and has been shown to produce two alkylsulphohydrolases. One of the enzymes, designated as CS 1, is specific for L-alkan-2-yl sulphates and the other enzyme, designated as CS2, is specific for the corresponding D-isomers (Matcham et al., 1977a) . The hydrolysis of alkan-2-yl sulphate stereoisomers by these enzymes involves rupture of the C-O-S t To whom reprint requests should be addressed. ester linkage on the alcohol side of the linkage (i.e. C-O bond rupture) and is accompanied by an inversion of configuration (Bartholomew et al., 1977) . These observations suggested that it would be of interest to investigate the further metabolism of the optically active alcohols liberated as a result of stereospecific sulphohydrolase action, and the present paper describes preliminary studies on alcohol dehydrogenase activity in C. terrigena, including the presence of a novel L-alcohol dehydrogenase.
Materials and Methods

Chemicals
Resolved stereoisomers of butan-2-ol and octan-2-ol were obtained from Fluka AG, Buchs SG, Switzerland and the Aldrich Chemical Co., Milwaukee, WI, U.S.A., respectively. Other alcohols were purchased from the Aldrich Chemical Co., K and K Laboratories, Plainview, NY, U.S.A. or Eastman Organic Chemicals, Rochester, NY, U.S.A. Octyl sulphate was prepared by the method of Dodgson et al. (1974) and secondary alkyl sulphates were prepared using the pyridine/SO3 reagent as described by . NAD+ The origin and tentative classification of C. terrigena has been previously described (Fitzgerald et al., 1975) . Cells grown to early stationary phase in nutrient broth with shaking at 300C were used for experiments in which alcohol dehydrogenase activities were separated by electrophoresis on polyacrylamide gels. For other work the bacterium was grown in basal salts medium (Fitzgerald et al., 1975) with the addition of NaCI (0.5 g/l) and Na2SO4 (0.14 g/l) and a carbon source of form and concentration specified for each experiment. All components were sterilized by autoclaving except for alcohols, which were added later. On these occasions the media were incubated as above for at least five days prior to inoculation in order to ensure that no microbial contamination had occurred. Cells to be harvested were grown in batches of 350 ml of culture medium inoculated with a late exponential phase culture (1 ml) of C. terrigena growing in 1% (w/v) sodium pyruvate in basal salts medium. For growth experiments 100ml portions of culture medium were inoculated in the same manner except that the inoculum was grown on 0.1% (w/v) sodium pyruvate.
Preparation of crude cell extracts
For polyacrylamide-gel electrophoresis experiments cell extracts were prepared as described by Fitzgerald & Payne (1972) except that the dialysis step was omitted. For all other experiments the extracts were prepared in the same manner but substituting 20mM-NaH2PO4/Na2HPO4 buffer, pH 7.5, for the 10mM-Tris/HCl buffer originally used.
Polyacrylamide-gel electrophoresis and location of alcohol dehydrogenase activity in gels
Crude cell extracts were subjected to polyacrylamide-gel electrophoresis as described by Payne & Painter (1971) with the addition of pre-electrophoresis of gels at 3 mA/gel for 2 h in the presence of gel buffer. Alcohol dehydrogenase activity was located in gels using the method of Grell et al. (1965) , except that the stain was prepared by mixing equal volumes of a well-shaken suspension of 40umol of alcohol/ml of H20, and a solution containing NAD+ (3.0 g/l), phenazine methosulphate (0.1 g/l) and Nitro Blue Tetrazolium (1.0 g/ 1) in 100mM-Tris/HCI buffer, pH8.5. The 'nothing dehydrogenase' detected in polyacrylamide gels by Payne & Painter (1971) was not observed in gels prepared during the present study, but gels incubated in stain in the absence of alcohol developed a general non-specific colouration. This was eliminated by soaking gels in cold stain-buffer for 30min before incubating in stain.
A Icohol dehydrogenase assay and protein determination Alcohol dehydrogenase activity at 300C was measured spectrophotometrically by following the D-octan-2-ol, octan-l-ol or L-octan-2-ol-dependent reduction of NAD+ at 340nm using a Beckman spectrophotometer (model 25) . Incubation mixtures contained 6,umol of alcohol/ml and 1 mM-NAD+ in 50mM-NaH2PO4/Na2HPO4 buffer, pH 8.5, in a final assay volume of 1.4 ml. Under these conditions each alcohol was present in greater quantity than that equivalent to its maximum solubility. In order to achieve the maximum solubilization of alcohol in the assay mixture, phosphate buffer containing the alcohol was vigorously shaken before adding 1 ml to the cuvette. NAD+ was then added (in 200,1 of buffer) and, after temperature equilibration, the reaction was started by adding 200,1 of prewarmed enzyme solution containing sufficient enzyme to give an initial rate of increase in absorbance of 0.15-0.25 units/min. Suitable control determinations were made in which the alcohol substrate was omitted. A unit of enzyme activity is defined as the amount of enzyme that reduces NAD+ at a rate of 1 gmol/min. Preparation ofresting cell suspensions and measurement ofoxygen consumption Cells grown on defined media were prepared as described by Fitzgerald & Payne (1972) so that the final cell concentration was approx. 20mg dry wt./ ml. The rates of oxygen consumption by cell suspensions in the presence of various alcohols in basal salts medium at 30°C were measured using an oxygen electrode (Rank Brothers, Bottisham, Cambs., U.K.). All alcohols were present at concentrations below their maximum solubility.
Results and Discussion
Polyacrylamide-gel electrophoresis and assay of alcohol dehydrogenase activity Gels stained for alcohol dehydrogenase activity with racemic alkan-2-ols developed two bands of activity, which migrated anodically. The bands appeared with all racemic alcohols of chain-lengths from four to twelve carbons (see Fig. la for example). However, with D-octan-2-ol only the slower moving band was present ( Gels were stained as described in the text, using (a)
position to the D-alkan-2-ol dehydrogenase. A single band also appeared when D-octan-2-ol and nonan-1-ol were present together in the stain, suggesting that a single enzyme was responsible for both activities. After prolonged incubation (6-12h) in stain containing a primary alcohol, an additional very weak dehydrogenase band appeared, corresponding in position to the L-alkan-2-ol dehydrogenase (Fig.  ld) . This same single band also appeared when racemic and symmetrical secondary alcohols with the hydroxyl group at positions other than C-2 were used, e.g. decan-3-ol, heptan-4-ol and nonan-5-ol (see Fig. le for example) although, judged by the time taken for the appearance of the band, these were less effective substrates than the L-alkan-2-ols. There was general staining of the lower part of the gel but no specific staining with primary or secondary alcohols when NAD+ was replaced as cofactor by NADP+. Subsequently, D-alkan-2-ol dehydrogenase activity in cell extracts was assayed using D-octan-2-ol or octan-l-ol as substrate, whilst L-octan-2-ol was selected as substrate for the L-alkan-2-ol dehydrogenase. The enzyme activities observed in extracts were proportional to protein concentration up to the highest concentration tested (1 mg/ml of incubation mixture). Negligible endogenous dehydrogenase activity was observed in control determinations. Maximum rate of reduction of NAD+ was obtained when alcohol substrates were present at a concentration of 6umol/ml (Fig. 2a) and when NAD+ was present at a concentration of 1.0 mm (Fig. 2b) . With respect to the alcohol substrates, all three dehydrogenase activities exhibited simple MichaelisMenten kinetics up to saturating concentrations ofthe alcohols, at which point activities became constant. Double reciprocal plots gave apparent Km values of 3.6 mm, 2.5 mM and 2.1 mM for D-octan-2-ol, octan-1-ol and L-octan-2-ol respectively. Double reciprocal plots for the data obtained for NAD+ concentration gave apparent Km values of 0.17 mm, 0.14mm and 0.052mm when D-octan-2-ol, octan-1-ol and L-octan-2-ol respectively, were employed as alcohol substrates. The pH-enzyme activity profiles for the three alcohol dehydrogenase activities are shown in Fig. 3 .
Activities towards D-octan-2-ol and octan-1-ol had similar profiles with a maximum at pH 8.5, whilst L-octan-2-ol dehydrogenase activity gave a different profile with maximum activity being constant between pH 7.5 and 9.7. From Figs. 2 and 3 it can be deduced that the ratio of activities towards octan-1-ol and D-octan-2-ol is -remarkably constant at a value of about 1.2 and this provides additional support for the view that a single enzyme was responsible for both activities.
Both alcohol dehydrogenases were detected only
Vol. 187 5OmM-NaH2PO4/Na2HPO4 for pH6.05, 7.00 and 7.70; 50mM-glycine/NaOH for pH8.70 and 9.70.
Incubation mixtures contained 0.14mg of protein/ ml for assays with octan-l-ol or D-octan-2-ol, and 0.28 mg of protein/ml with L-octan-2-ol.
in cell-free extracts and not in the residual cell debris. Both enzymes were also present with undiminished activity in the supernatant of a cell-extract that had been centrifuged for lh at 120000g., and no activity was detected in the pellet, suggesting that the activities were either not membrane bound or were readily released from association with membranes during the preparative procedures employed.
No alcohol dehydrogenase activities were detected in cell extracts when NAD+ was replaced by NADP+.
Appearance of alcohol dehydrogenase activities during batch culture C. terrigena was grown in batch culture on nutrient broth, on basal salts containing 1% (w/v) sodium pyruvate or on basal salts containing sodium pyruvate and 2 mM-racemic octan-2-ol. Cells were harvested at intervals and extracts were assayed for alcohol dehydrogenase activities and protein in order to assess the specific activities of the enzymes. Growth on all three media gave essentially similar results (Fig. 4) . Alcohol dehydrogenase activities increasingly contributed to cellular protein up to the end of the exponential phase of growth, after which the specific activities tended to decline. Greatest activity was exhibited towards octan-1-ol and least activity towards L-octan-2-ol. The ratio of activities towards octan-1-ol and D-octan-2-ol was again constant throughout growth in a particular culture medium but there was some difference between the ratio obtained in the different media. In nutrient broth and in pyruvate the ratio was constant at approx. 1.7, whilst a value of 1.2 was obtained during growth on pyruvate containing 2mM-racemic octan-2-ol. An immediate explanation for this difference is not yet apparent. Polyacrylamide-gel electrophoresis of the cell extracts showed only two bands of activity at all stages of growth. The specificities were identical with those of the bands produced by extracts of cells grown in nutrient broth to the stationary phase.
Further experiments were performed using as culture media either nutrient broth or 1% (w/v) sodium pyruvate in basal salts solution supplemented with various alcohols or alkyl sulphate esters (see Table 1 ). Cells were harvested at 20h (late exponential phase) and 38h (late stationary phase) after inoculation and specific activities of the alcohol dehydrogenases determined as before. Table 1 shows that the specific activities noted with all three assay substrates varied little, irrespective of the nature of the growth medium. The ratio of octan-1-ol to D-octan-2-ol dehydrogenase activities was again approx. 1.2. Polyacrylamide gels of the extracts showed the usual two bands of activity. It therefore seems probable that the D-alkan-2-ol and L-alkan-2-ol dehydrogenase activities are attributable to constitutive enzymes, as various alcohols and alkyl sulphate esters were unable to affect the levels of activities produced during growth. This is a similar situation to that noted for the alkylsulphohydrolases and the adenosine 5'-phosphosulphate sulphohydrolase, which are also constitutive in C. terrigena (Fitzgerald et al., 1975; White et al., 1979) . The observation contrasts with that established for Pseudomonas C 12B where growth on nutrient broth in the presence of sodium dodecyl sulphate increased the quantity of primary alcohol dehydrogenase produced (Payne & Painter, 1971 ).
The collective results suggest that a single enzyme is responsible for the observed dehydrogenase activity towards D-alkan-2-ols and primary alcohols. The specificity of that enzyme would therefore be analogous to that of yeast alcohol dehydrogenase (Dickinson & Dalziel, 1967) . In contrast, the L-alkan-2-ol dehydrogenase appears to be a novel enzyme not previously recognized, although stereospecific dehydrogenases active toward L-1-aminopropan-2-ol (Turner, 1967) Table 1 . Specific activity of the alcohol dehydrogenases in extracts of C. terrigena harvested at the late exponential and stationary phasesfollowing growth on various media All defined media contained basals salts and sodium pyruvate (1%, w/v). Culture absorbances were measured at 650 and 420nm for nutrient broth and defined media respectively. (h)   20  38  20  38  20  38  20  38  20  38  20  38  20  38  20  38  20  38  20  38  20  38  20 (Taylor & Elliot, 1960) have been reported. C. terrigena is therefore equipped with two pairs of stereospecific enzymes for initiating the degradation of racemic alkan-2-yl sulphates. Esters of the D-configuration would be hydrolysed by the CS2 alkylsulphohydrolase to give alkan-2-ols of the L-configuration. These could then serve as substrates for L-alkan-2-ol dehydrogenase. Conversely, L-alkan-2-yl sulphates would be hydrolysed by the CS 1 alkylsulphohydrolase and the liberated D-alkan-2-ols could then be oxidized by D-alkan-2-ol dehydrogenase. Primary alkyl sulphates are not degraded because the organism lacks a primary alkylsulphohydrolase enzyme to initiate the process.
Purification and further characterization of the alcohol dehydrogenases should be undertaken in order to provide additional information about the specificity and general properties of the enzymes. Growth of C. terrigena on alcohols and related compounds
The ability of the bacterium to grow on alcohols and related compounds as sole source of carbon and energy at a concentration of 0.1% (w/v) was investigated by monitoring the turbidity of cultures at 420nm. The organism failed to grow on octan-1-ol, heptan-4-ol or racemic samples of octan-2-ol, dodecan-2-ol, tetradecan-2-ol, hexadecan-2-ol, nonan-3-ol, hexan-2-yl sulphate, decan-2-yl sulphate or tetradecan-2-yl sulphate. Limited growth to an absorbance of 0.2 was achieved on racemic samples of butan-2-ol and pentan-2-ol, whilst slow growth to an absorbance of 1.0 occurred on butan-1-ol, pentan-1-ol, racemic octan-2-yl sulphate and octanoic acid. Attempts were made to grow cells on a selection of the foregoing compounds in the presence of 0.03% (w/v) yeast extract. Growth beyond that resulting from the utilization of the yeast extract was achieved only with butan-1-ol and racemic butan-2-ol, whilst racemic octan-2-ol diminished the growth on yeast extract and octan-1-ol inhibited it completely. The inability of C. terrigena to utilize many alcohols (at 0.1% concentration) as a sole carbon and energy source for growth, even though the cells possess alcohol dehydrogenase activity towards them, contrasts with the situation found for Pseudomonas C12B. With the exception of hexan-1-ol, heptan-1-ol and octan-l-ol, the latter organism grows well on all primary alcohols with alkyl chain-lengths of up to 18 carbons under conditions similar to those employed for C. terrigena (Payne, 1963; Williams et al., 1966) . Of course, C. terrigena may be unable effectively to transport the alcohols to the site of enzyme action. Possibly, growth on racemic octan-2-yl sulphate may be reflecting the release of racemic octan-2-ol within the periplasmic region of the cell, the site of localization of the CS 1 and CS2 alkylsulphohydrolases (Matcham et al., 1977a) . Alcohols liberated in that way might therefore be more accessible to the alcohol dehydrogenases. More probably, the relatively high concentrations of alcohols used may inhibit growth of the bacterium. Growth on racemic octan-2-yl sulphate might then also be reflecting the much lower concentrations of racemic octan-2-ol present at any one time, consequent on the prior need for removal of the ester sulphate group by alkylsulphohydrolase action. If this was so, there still remains the difficulty of understanding why the organism grew on racemic octan-2-yl sulphate but not on racemic samples of decan-2-yl sulphate and tetradecan-2-yl sulphate, as both esters serve as substrates for the CS1/CS2 alkylsulphohydrolase system. Toxicity of the esters towards C. terrigena at the relatively high concentration employed might provide an explanation but the problem has not been pursued further.
Oxidation of alcohols and related compounds by resting cell suspensions As C. terrigena appeared to be unable to utilize most primary and secondary alcohols as carbon sources for growth at 0.1% concentrations, the ability of resting cell suspensions of the microorganism to oxidize these and related compounds was examined. Late exponential phase cells were employed after growth on either 1% (w/v) sodium pyruvate alone or supplemented with 1 mM-racemic octan-2-ol, D-octan-2-ol, L-octan-2-ol, octan-l-ol, racemic octan-2-yl sulphate or a mixture of racemic samples of octan-2-ol and octan-2-yl sulphate. Irrespective of the growth medium used, the resting cells oxidized 100lM-pyruvate at a rate of oxygen consumption equivalent to between 6 and 14 times that of endogenous oxygen consumption (i.e. in the absence of pyruvate). Acetate, citrate and succinate, all at concentrations of 200,pM with respect to carbon content, were oxidized at twice the endogenous rate only, whilst primary alcohols (C2-C11) and racemic alkan-2-ols (C4-C10) at concentrations of 1 mm with respect to carbon, were oxidized at similar rates to acetate. Similar results were obtained for racemic and resolved isomers of octan-2-yl sulphate, octan-2-one and octanoate at the same carbon concentration. Decrease of the concentration of racemic octan-2-yl sulphate and octan-2-one to 200,pM with respect to carbon and that of racemic butan-2-ol to 100,UM, did not affect the rates of oxidation. It appears that resting cells of C. terrigena cannot rapidly oxidize any of the potential substrates (or substrate precursors) of the alcohol dehydrogenases, nor their products, irrespective of whether alcohols were initially present in the growth medium or not.
It has already been pointed out (Matcham et al., 1977b) that, in contrast to Pseudomonas C 12B, C. terrigena could have a limited capacity only to degrade alkylsulphate detergents. Under the most favourable circumstances, degradation would be restricted to detergents containing alkan-2-sulphates. On the other hand, the ability of Pseudomonas C 12B to produce two primary alkylsulphohydrolases and three secondary alkylsulphohydrolases of differing specificity but which collectively could degrade most secondary alkylsulphates, provides the organism with a much greater capacity for degrading detergents containing alkylsulphate esters. Apart from the initial observations of Williams et al. (1966) and Payne & Painter (1971) which established the presence of NAD-dependent dehydrogenase activity towards primary and some secondary alcohols, no detailed studies have been made on the alcohol dehydrogenases of Pseudomonas C12B. In view of its capacity to produce five alkylsulphohydrolases it will now be of considerable interest to investigate the specificity and complexity of alcohol dehydrogenase activity in this bacterium.
